ABSTRACT: A generalized additive mixed modelling approach was used to investigate the somatic growth of hawksbill turtles Eretmochelys imbricata (23.7 to 80 cm curved carapace length [CCL]) on nearshore coral reef sites around Barbados at depths of 12 to 35 m. The effects of body size, sex, sampling year, recapture interval and an indicator of foraging habitat quality on growth rates were investigated. The model accounted for about 60% of the variance in growth rates, but only mean size and sampling year were significant predictors. The growth rate function was nonmonotonic, with peak growth (3.4 cm yr -1 ) occurring in turtles with a CCL between 30 and 35 cm. The lower growth rates recorded for smaller turtles may reflect a period when sea turtles newly recruiting from pelagic to neritic habitats are adapting to a change in diet. The decline in growth rates with sampling year over the 10 yr study may reflect density-dependent effects on growth. Declining growth rates may prompt large juveniles to leave the Barbados foraging ground to settle elsewhere to grow to maturity.
INTRODUCTION
The hawksbill turtle Eretmochelys imbricata is a circumtropical species found in the Atlantic, Indian, and Pacific Oceans (Witzell 1983 ). In the Caribbean, after an initial pelagic post-hatchling phase of unknown duration, juveniles of 20 to 25 cm carapace length settle in nearshore coral reef habitats for periods lasting several years (Boulon 1994 , Diez & van Dam 2002 . Region-wide, individuals are reported to feed primarily on reef-associated sponges, as well as corallimorpharians and zoanthids (Meylan 1988 , Anderes & Uchida 1994 , van Dam & Diez 1997 , Léon & Bjorndal 2002 , Blumenthal et al. 2009a . As large-sized spongivores, hawksbills are likely to be an important influence on reef community structure (Hill 1998 , León & Bjorndal 2002 , Blumenthal et al. 2009a ).
Hawksbills have been heavily exploited for their shell, meat, and eggs, resulting in current populations being remnants of former abundances in most Caribbean territories (Mortimer & Donnelly 2007) . The species is currently listed as 'critically endangered' in the International Union for Conservation of Nature (IUCN) Red Book of Threatened Species (IUCN 2010 ). The marked decline in live hard coral cover and of structural complexity of coral reefs documented over recent decades (Mora 2008 , Alvarez-Filip et al. 2009 ) and the potential role that hawksbills may play in coral reef community dynamics increase the importance of population recovery of this species. Despite this importance, much of the life history and ecology of hawksbills -knowledge of which is needed to guide conservation and management -remains poorly understood.
Measurement of somatic growth rates of juvenile sea turtles is a prerequisite for assessment of life-stage durations and age to maturity, and has inevitably focused on the more accessible benthic feeding-phase size classes (but see Bjorndal et al. 2003) . To date, modelling of growth has focused on loggerheads (e.g. Bjorndal & Bolten 1988a , Bjorndal et al. 1994 , 2003 , Chaloupka et al. 2004 , Braun-McNeill et al. 2008 ) and green turtles (e.g. Bjorndal & Bolten 1988b , Limpus & Chaloupka 1997 , Bjorndal et al. 2000 , Balazs & Chaloupka 2004 , Kubis et al. 2009 ). Growth rate data for juvenile hawksbills have been reported from the US Virgin Islands (Boulon 1994), the Dominican Republic (León & Diez 1999 ), Puerto Rico (Diez & van Dam 2002 , the Bahamas (Bjorndal & Bolten 2010) , and the Cayman Islands (Blumenthal et al. 2009a) in the Caribbean region, as well as from Australia (Chaloupka & Limpus 1997 , Whiting & Guinea 1998 and Aldabra (Indian Ocean) (Mortimer et al. 2003) . Interpretation of growth patterns in several of these studies has, however, been hampered by small sample sizes and short recapture intervals (i.e. <1 yr).
A number of factors affect growth rates of juvenile green and loggerhead turtles. Variability has been attributed to habitat type (Balazs & Chaloupka 2004 , Kubis et al. 2009 , Bjorndal & Bolten 2010 , population density (Bjorndal et al. 2000 , Balazs & Chaloupka 2004 , Kubis et al. 2009 ), and water temperature (Gibbons et al. 1981) , as well as to stock-specific (Seminoff et al. 2002) , age-specific (Bjorndal et al. 2003 ) and sexspecific factors (Chaloupka et al. 2004 ). León & Diez (1999) and Diez & van Dam (2002) found differences in growth rates of juvenile hawksbills in different habitats, attributing these largely to variation in preferredprey abundance. These findings suggest that, as with other species (e.g. green turtles) (Kubis et al. 2009 ), mean growth rates of hawksbills should be applied with caution across sites, even within the Caribbean region. Potential density-dependent effects on growth rates are particularly important to ascertain for management of recovering populations (Bjorndal et al. 2000 , Kubis et al. 2009 ).
The hawksbills foraging around Barbados are a mixed genetic stock originating both within and outside of the Wider Caribbean (Abreu- Grobois et al. 2006 ) and comprise individuals ranging in size from 23.7 to 80 cm curved carapace length (CCL). Previous study sites from which hawksbill growth rates have been reported have tended to be shallow (up to 20 m) (e.g. Blumenthal et al. 2009b , Bjorndal & Bolten 2010 , but see Diez & van Dam 2002 . In this study, we present data on somatic growth rates obtained from a longitudinal mark-recapture study of juvenile hawksbills on a neritic foraging ground (12 to 35 m) on coral reef habitat off the west coast of Barbados, West Indies. We evaluate the form of the somatic growth rate function using a generalized additive mixed modelling (GAMM) approach, and for the first time for hawksbills, we include an indicator of food abundance as a variable that may affect growth rates. Finally, we compare the mean growth functions in our study with those previously reported.
MATERIALS AND METHODS
Study site. Barbados (13°09' 39'' N, 59°33' 08'' W) is a small island (430 km 2 ) in the south-eastern Caribbean, approximately 200 km to the east of the Lesser Antilles island chain. The island is composed of uplifted fossil corals and is surrounded by a 1 to 3 km wide shelf with different forms of living coral reef habitats. The west coast is characterized by fringing reefs along the shoreline and an almost continuous bank reef that runs parallel to the west coast for ~22 km and lies ~1 km offshore.
In-water hawksbill surveys have been conducted on foraging sites on the west coast reef systems since July 1998. Most dive effort has focused on 10 sites on the bank reef and 3 sites on the outer edge of the fringing reefs ( Fig. 1) . At each site, the number of colonies (>10 cm diameter) of a preferred hawksbill prey sponge species Sidonops neptuni (formerly Geodia neptuni) were counted along 15 belt transects (5 × 20 m) that sampled each reef site from its outer to inner edge. S. neptuni was determined as a preferred sponge based on the quantity of feeding scars left by foraging turtles. Although large colonies may be difficult to access for smaller turtles because of the sponge's thick cortex, small juvenile turtles may access the interior through the bites made by larger juveniles, and our observations indicate that smaller individuals can readily access smaller sponge colonies. Encrusting forms of the sponge are very rare in Barbados, allowing the count of all S. neptuni colonies (>10 cm diameter) to be an accurate assessment of the quantity of this particular forage item at our study sites. All but one of the sites had < 2 S. neptuni colonies per 100 m 2 , and these were referred to as Low Sponge sites. One site had more than twice as many colonies as the other sites (> 5 S. neptuni colonies per 100 m 2 ) and this was referred to as the High Sponge site. Turtles were significantly larger at the High Sponge site than at the Low Sponge sites (mean CCL 48.6 and 43.8 cm, respectively; t = 4.28, p < 0.01). The density of S. neptuni (no. colonies m -2 ) was used as an indicator of foraging habitat quality at our sites, as no information is available on how resource requirements of hawksbills may change with size or age, or how the digestibility of sponges may change with size of colonies.
Data collection. Turtles were hand caught by SCUBA divers and brought aboard an anchored research vessel where standard morphometric data were collected. Surveys were typically conducted twice per week (4 dives) during all months of the year, but most were carried out between May and December. The survey team generally consisted of 3 to 4 divers, and 2 individuals were primarily responsible for collecting the measurement data.
The CCL of each captured individual was measured with a flexible fiberglass tape measure. Turtles were measured to the nearest 0.1 cm. Note was made of which posterior marginal scute (left or right) was used in the initial CCL measurement; subsequent measurements on that individual were then made to the same scute. Tape measures were frequently checked for accuracy and measurement error was reduced by regularly testing the precision of data collectors at measuring the same carapaces. All turtles were weighed with a hand-held digital spring scale to the nearest 0.1 kg. At first capture, turtles were double-tagged with uniquely numbered Inconel flipper tags (National Band & Tag Company) in the first proximal scale of each foreflipper (Bolten 1999). During subsequent captures, if tags were growing out or looked as though they would soon fall out, 1 or 2 additional tags were placed in the second proximal scale(s). Tag loss is considered to be negligible in this study (17 of 877 = 1.94%). A sub-set of turtles was also sexed internally by laparoscopic examination using a 2.9 mm diameter Karl Storz endoscope with separate light source (see Limpus & Reed 1985) . Sex was therefore assigned as male, female, or undetermined in the analyses that follow, based on the presence of either ovaries or testes. All captured turtles were released at the site of capture within 1 h of being caught.
Data set. The data set comprised 504 growth records for 290 different hawksbill turtles tagged at depths of 12 to 35 m on the west coast reef system of Barbados over a 10 yr study period (July 1998 sites was only recorded for 1 individual for which growth rates were recorded, and this individual was not included in the analysis. Individuals over 80 cm CCL were also excluded from the modeling analyses, as they were presumed to be migratory breeders rather than residents (Horrocks et al. 2001) . Statistical modeling approach. Factors and/or covariates affecting hawksbill somatic growth rates were estimated using generalized additive modelling (GAM). GAM allows (1) flexible specification of the error and link functions and (2) arbitrary specification of the functional form for each continuous predictor or covariate included in the regression model (Hastie & Tibshirani 1993) . Importantly, GAMs can be readily extended to account for random or mixed effects (generalized additive mixed models [GAMMs]) (Fahrmeir & Lang 2001 , Wood 2006 for studies that involve multiple measurements on the same sampling unit, e.g. repeated measurements for growth rate of turtles recaptured more than once.
The GAMMs applied here were fitted using (1) thin plate regression splines to model any non-linear covariate effects (i.e. mean carapace size, mean sampling year, growth interval), (2) a log link and constant variance consistent with the particular properties of this data set, (3) quasi-likelihood error structure, and (4) turtle-specific heterogeneity as a random effect. Growth interval was included in the model as a covariate to account for possible bias caused by the discrepancy in growth intervals (330 to 2590 d). The year effect is a potential source of growth variability due to environmental factors which change from year to year. It must be included in the model, even though it is inevitably confounded with un known cohort effects when the ages of turtles are unknown, as in this study. Some of the other unknowns which could not be included in the model were growth rate variation attributable to genetic variation between different stocks recruiting to the foraging ground and differences in parasite loads of newly recruiting individuals.
Only main-effects GAMMs were fitted here, but interaction terms such as habitat-specific growth rate functions can be accommodated in a GAM(M) framework using the varying coefficient (VC) approach proposed by Hastie & Tibshirani (1993) . This VCGAMM approach was explored with our data, but fitting sex-or habitat-specific growth rate functions did not improve the explanatory power of the models significantly (likelihood ratio test, p > 0.05 in all cases), and models failed to converge for more complex interactions.
The importance of explicitly accounting for turtlespecific hetereogeneity using a GAMM was evaluated using the following approach: (1) fit a GAM instead of a GAMM to the same data set and extract the deviance residuals; (2) fit a linear mixed-effects model to the residuals using a constant parameter only model with experimental run as the random effect; (3) fit a linear fixed-effects model to the residuals using a constant parameter only model; and (4) compare the fit of the 2 linear models using Akaike's Information Criterion (AIC) or a likelihood ratio test (see Wood 2006) .
All the GAMM or related models were fitted in R (Ihaka & Gentleman 1996 , R Development Core Team 2008) using the 'mgcv' package (Wood 2006). Linear mixed-effects models were fitted using the 'lme()' function in the 'nlme' R package (Pinheiro & Bates 2000) , while linear fixed-effects models were fitted using the 'lm()' R function (Pinheiro & Bates 2000) .
RESULTS
The growth rate of individual juvenile hawksbill turtles on Barbados reefs ranged from -0.31 to 7.19 cm yr , N = 504). Our GAMM included growth rate as the response variable and 5 potential predictors of growth (mean size, mean sampling year, growth interval, sex, and sponge density; Table 1 , Fig. 2) . The model was a good fit to the data with no aberrant residual behaviour and accounted for 58% of the growth rate variance. The GAMM fit our data significantly better than a GAM that did not account for experimental run-specific heterogeneity (GAMM AIC = 1163.58 compared to GAM AIC = 1217.66, likelihood ratio test χ 2 0.05 = 56.07, df = 1, p < 0.0001). The GAMM analysis suggested that juvenile growth rates were dependent on both size and year (Table 1) , although age and cohort effects could not be separated. The shape of the growth function with mean size was nonmonotonic, with growth rate highest in the 30 to 35 cm size class. Growth interval, sex, and sponge density were not significant predictors of growth rates (Table 1 ). The remaining variability suggests that factors other than those investigated, e.g. genetic stock, may be affecting growth rates.
DISCUSSION
The study population of hawksbills foraging around Barbados in the south-eastern Caribbean is composed largely of juveniles between 23.7 and 65 cm CCL. Based on the largest sample size for juvenile hawksbill turtles to date (504 growth intervals of > 330 d), Barbados hawksbills grow at a mean rate of 2.03 cm yr -1 , with a peak of 3.4 cm yr -1 at 30 to 35 cm CCL. These growth rates are considerably lower than those previously published for the Caribbean region (Boulon 1994 , León & Diez 1999 , Diez & van Dam 2002 , Blumenthal et al. 2009a , Bjorndal & Bolten 2010 , and more similar to the lower growth rates recorded for the southern Great Barrier Reef in Australia (Chaloupka & Limpus 1997 ). However, the highly significant effect of sex on growth rates in Australian hawksbills (with females growing faster than males) reported in the only other study to investigate the effect of sex on hawksbill growth (Chaloupka & Limpus 1997), was not detected in our study. Sex-specific differences in growth rates of juvenile green turtles in the Bahamas, a Western Atlantic/Caribbean study site, have also been reported, but the pattern was the reverse, with males growing significantly faster than females (Bjorndal et al. 2000) .
The size-specific growth rate function for juvenile hawksbills around Barbados was nonmonotonic as has been shown previously for hawksbills in Puerto Rico (Diez & van Dam 2002) , Australia (Chaloupka & Limpus 1997), and Aldabra (Mortimer et al. 2003) . As found in Puerto Rican hawksbills, the growth spurt peak of Barbados hawksbills occurred at a much smaller size (33 cm CCL in our study, 35 cm standard carapace length [SCL] (Chaloupka & Limpus 1997 ) and 60 to 70 cm CCL in Aldabra (Mortimer et al. 2003) . The slower growth rates of Barbados hawksbills at smaller sizes may reflect a period when juvenile sea turtles newly recruiting from pelagic to neritic habitats are adapting to their new diet (Bjorndal & Bolten 2010; see also Kubis et al. 2009 for green turtles) and perhaps learning to distinguish more palatable species of sponges. This slower growth period may be swiftly followed by a compensatory growth phase of peak growth in the 30 to 35 cm size class ( Fig. 2A) . Our study also supports the observation that Caribbean hawksbills recruit to the foraging grounds at a smaller size than Australian hawksbills (Diez & van Dam 2002 , Bjorndal & Bolten 2010 , suggesting that differences in the form of growth may be indicative of as yet undetermined genetic and/or environmental effects on hawksbill growth in different oceanic basins.
As the growth peak occurs at a small size in both Barbados and Puerto Rico, an absence of these size classes of hawksbills in the Bahamas study may have led to the conclusion that growth was a monotonic decreasing function of size (Bjorndal & Bolten 2010) . Green turtles also recruit to Bahamian foraging grounds at small sizes (25 to 35 cm SCL) (Bjorndal et al. 2000) , and although the full range of juvenile green turtles was represented in their study, Bjorndal et al. (2000) again did not detect an early compensatory growth spurt, but instead observed a monotonic decline in growth rates. This may suggest speciesspecific differences between green turtles and hawksbills in the Western Atlantic/Caribbean in the adjustment to a new diet and/or greater availability of food choices for newly recruiting herbivorous species than spongivorous species. Kubis et al. (2009) have recently reported nonmonotonic growth for juvenile green turtles at sites with very different ecological characteristics and presumably also different food choices along the east coast of Florida, where they reported growth peaks occurring at 35 to 55 cm SCL depending on the site.
Differences in hawksbill growth rates found in previous studies have been attributed to variation in environmental characteristics (e.g. availability of preferred sponges: Diez & van Dam 2002 , León & Diez 1999  water temperature: Republic of Cuba report to the Convention on International Trade in Endangered Species in Diez & van Dam 2002) . At sites around Barbados, there was no significant difference in growth rates of juveniles with sponge density in our study, although growth rates were lower than those reported in previous studies. Body condition index (CI) calculated using Fulton's K (mass ÷ SCL 3 ; Ricker 1975), multiplied by a scaling factor of 10 4 to bring it close to 1, provided an indication of sea turtle health and fitness. CI was 1.17 for turtles at the High Sponge site and 1.18 for those at Low Sponge sites, i.e. both values were at the lower end of the range of CI values obtained for hawksbills elsewhere in the region (Diez & van Dam 2002 , Blumenthal et al. 2009a , Bjorndal & Bolten 2010 and were most similar to values obtained for hawksbills occupying peripheral seagrass habitats in the Bahamas (Bjorndal & Bolten 2010) . Low growth rates combined with low CI values may suggest that Barbados, although one of the first land masses encountered by pelagic hawksbills following an early phase of trans-Atlantic drifting, may be sub-optimal foraging habitat for hawksbills. The very slow, incremental growth after 60 cm CCL (Fig. 2) suggests that hawksbills would take several decades to grow to the size of the smallest females observed nesting in Barbados (76.2 cm CCL) (Beggs et al. 2007 ) if they remained on the Barbados foraging ground. However, our observations show little evidence of turtles larger than 60 cm CCL foraging around Barbados, at least at the depths regularly surveyed in our study (12 to 35 m). Sightings or captures of individuals larger than 60 cm CCL typically only occur during the breeding season, when breeding adults migrate from foraging grounds around other countries to nest in Barbados (Horrocks et al. 2001) . Larger hawksbills are capable of foraging at greater depths and may be utilizing deeper water sites (e.g. Horrocks et al. 2001 , Blumenthal et al. 2009b ), but the possibility that adults would only be seen foraging in shallower waters during the breeding season seems unlikely. Moreover, several tagged adult females have been observed occupying the same reef crevices in consecutive breeding seasons, but have not been observed between breeding seasons. For these reasons, we are confident that adults do not typically forage on reefs around Barbados, but instead leave after the breeding season and return to foraging grounds elsewhere (Horrocks et al. 2001) .
The recent tag recovery of a hawksbill tagged as a 45 cm SCL juvenile in the Bahamas and seen nesting 9.4 yr later (Bjorndal et al. 2008 ) indicates a much shorter time to sexual maturity than our growth rate data would suggest. Interestingly, the recovery concerned a juvenile that was tagged initially on a foraging ground that has reported high growth rates (Bjorndal & Bolten 2010) . By contrast, the lower growth rates and condition indices seen in Barbados hawksbills, suggests that foraging ground quality off Barbados is sub-optimal for large juveniles to reach sexual maturity. Juvenile turtles may instead move away from Barbados and mature on more productive foraging grounds elsewhere in the Wider Caribbean. A relative scarcity of sightings of subadult-sized turtles (60 to 75 cm CCL) reported from the foraging grounds of the region in general, however, suggests that this transi-tion phase from sub-adult to adulthood might be passed through relatively quickly once a suitable foraging ground is reached.
Sampling year had a significant effect on growth rates on the Barbados foraging ground, with growth rates declining by about 1 cm yr -1 between 1998 and 2004, and only increasing slightly before leveling off in 2006. Bjorndal et al. (2000) and Kubis et al. (2009) also found sampling year effects in their studies of Western Atlantic/Caribbean juvenile green turtles, attri buting their results to density-dependent effects on growth rates. The abundance of juvenile hawksbills around Barbados was higher at the end of our study than at the onset (B. H. Krueger unpubl. data) and may have caused negative density-dependent effects on growth rates. The effect of increasing turtle abundance may have been exacerbated by several coral bleaching episodes at our study sites on the west coast bank reef, correlated with unusually high seawater temperatures (e.g. Oxenford et al. 2008) , which may have further reduced habitat quality for hawksbills in their primary foraging habitat. These findings support the suggestion that peripheral hawksbill foraging habitat in seagrass pastures may become increasingly important in the region (Bjorndal & Bolten 2010) , and emphasize the need to include protection of both coral reefs and seagrass in efforts to ensure long-term recovery of hawksbill turtles.
